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A cell line containing integrated recombinant adenoassociated virus (AAV) was investigated for spontaneous mobilization
of vector sequence. Detection of these rare events was facilitated by using a vector design that allowed the circular rescue
product (cAAV) to be individually scored by bacterial transformation. Restriction and sequence analysis of captured clones
revealed five highly ordered classes of cAAV, each of which contained a defined segment of the integrated vector locus. A
common feature of all cAAV classes was the presence of a modified inverted terminal repeat that joined the ends of the
liberated sequence. Assembly of extrachromosomal vector genomes was accompanied by deletions in the integration locus
that could be mapped to one of the five cAAV classes, suggesting an excision-type mechanism. We propose that the
spontaneous deletion and mobilization of vector sequence from the recombinant adenoassociated virus (rAAV) integration
locus is mediated by a recombination event between the inverted terminal repeats that define the boundaries of the individualdeletioINTRODUCTION
Adenoassociated virus (AAV) is a single-stranded DNA
parvovirus with a propensity for establishing latent infec-
tions in a variety of cell lineages. Structural analysis of
the integrated provirus reveals a complex collection of
concatomers that are typically organized in tandem ar-
rays; however, other orientations and rearrangements of
the genome subunits have been described (Cheung et
al., 1980; Laughlin et al., 1986; McLaughlin et al., 1988).
Although AAV provirus is thought to be refractory to
replication initiation in resting cells, the transition to a
productive infection can be rapidly stimulated by a sec-
ondary viral infection (Atchison et al., 1965; Schlehofer et
al., 1986). Adenovirus has been the focus of many stud-
ies concerning AAV helper activity, revealing early genes
E1, E2a, and E4, along with VA RNA, combine to create an
intracellular mileu that is optimal for replication and virus
packaging (Janik et al., 1989, 1981; Richardson and West-
phal, 1981, 1983). Interestingly, the need for a helper virus
is not necessarily absolute as a number of chemical and
physical treatments have been shown to provoke AAV
replication (Bantel-Schaal and zur Hausen, 1988; Schle-
hofer et al., 1986; Yakobson et al., 1987; Yalkinoglu et al.,
1988).
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regulatory (Rep) and structural (Cap) proteins and is
punctuated at both ends by 145-bp inverted terminal
repeats (ITR) (Srivastava et al., 1983). When stabilized as
a single-stranded DNA, the first 125 bp of the ITR is
capable of folding into a T-shaped hairpin conformation
(Lusby et al., 1980). This structure is of central impor-
tance for productive AAV infections from two perspec-
tives. First, the folded conformation provides a primer for
replication initiation from the genome end terminating
with a free 3-OH (Berns, 1990). Second, it represents an
optimal substrate for Rep binding (RBS, Rep binding site)
and strand-specific nicking (trs, terminal resolution site)
during resolution of covalently closed terminal interme-
diates that result from the hairpin-primed replication re-
action (Brister and Muzyczka, 1999). In contrast to pro-
ductive infections, the significance of the folded ITR
conformation during virus integration is less well under-
stood. However, remnants of the ITR sequence are often
found at the junction with cell DNA in provirus, suggest-
ing a prominent role as a recognition point during recom-
bination with host cell DNA (Dyall et al., 1999; Giraud,
1995; Yang et al., 1997).
Because of their pivotal role initiating the onset of a
productive infection, the ITR elements in AAV provirus
represent the principle cis-acting regulatory domain for
structural maintenance of the locus. It is generally held
that preservation of the AAV provirus locus is a passive
yet stable process, one that can only be disrupted by agenome subunits. © 2002 Elsevier Science (USA)
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critical cellular factors. Although this view appears to be
supported by cell culture models of AAV latency where
the integrated viral genome can be detected for ex-
tended (if not indefinite) periods of time (Cheung et al.,
1980), it is difficult to image a state of absolute quies-
cence considering the dynamic nature of the surround-
ing host cell DNA. Replication, recombination, and tran-
scription are just a few housekeeping activities that
surely bombard the AAV provirus locus once assimilated
into chromatin. Furthermore, it is well established that
these very same activities are involved in events that
lead to gene amplification (Wahl, 1989), transposition
(Kazazian and Moran, 1998; Smit, 1996), and other struc-
tural alterations that collectively remodel the landscape
of cellular DNA. What then distinguishes the AAV provi-
rus from other domains in cell DNA that allows the
former to presumably escape recognition by cellular fac-
tors that might otherwise threaten the integrity of the
overall structure? In the absence of a maintenance
mechanism that actively protects the AAV provirus, one
would expect an index of activity that is at minimum
equivalent to that of the surrounding cell DNA. This
intriguing possibility takes on additional significance
when the unique arrangement of the TRT element is
introduced into the equation. These structures have the
potential to assume Holliday-like cruciform structures
(Ward and Berns, 1991; Xiao et al., 1997), or other folded
derivatives, that are known in other systems to serve as
molecular beacons for specialized factors that monitor
cellular DNA for unusual structural conformations (Sym-
ington and Kolodner, 1985; Waldman and Liskay, 1988).
Although the consequence of such an interaction is dif-
ficult to predict, it would seem reasonable to suggest that
an AAV provirus with an array of inverted repeats could
confer a degree of local genetic instability.
Interestingly, data from several early reports appear to
support the hypothesis that AAV provirus is not neces-
sarily a static chromosomal domain in the absence of
helper functions (Cheung et al., 1980; Handa et al., 1977;
Laughlin et al., 1986; McLaughlin et al., 1988). The rele-
vant observation among these studies was the presence
of “free” extrachromosomal AAV genomes in DNA sam-
ples from latently infected cell lines. Assuming these
episomal elements are not autonomously replicating
structures that persisted from the initial virus infection,
the logical explanation is helper-independent mobiliza-
tion. Chung et al. suggested the involvement of a cellular
recombination pathway that targets the palindromic re-
gion of the ITR (Cheung et al., 1980). In this article, we set
out to investigate spontaneous mobilization of integrated
AAV in a cell culture model of virus latency with four
objectives in mind, as follows: first, to characterize the
structure of genomes that are liberated from the integra-
tion locus; second, to determine the effect of these
events on the integrity of the integration locus; third, to
establish the role of the ITR domains for assembly of
extrachromosomal structures; and fourth, to use the col-
lective data to develop a model for spontaneous rescue
of rAAV in cell culture. The experiments that were con-
ducted to achieve the above stated goals represent, to
the best of our knowledge, the first systematic approach
to studying the dynamics of integrated recombinant ad-
enoassociated virus (rAAV) in an experimental model of
virus latency.
RESULTS
Isolation of episomal circular rAAV intermediates
from a cell culture model of AAV latency
We have shown previously the ability to capture circu-
lar derivatives of AAV (cAAV) that are assembled in cells
during recombinant AAV gene transfer (Duan et al., 1999,
1998) and replication (Musatov et al., 2000). The under-
lying technique, called bacterial trapping, is based on a
rAAV vector (AV.EGFPori) that contains a reporter mini-
gene (enhanced green fluorescent protein (EGFP)), bac-
terial origin of replication (Ori), and antibiotic resistance
gene (Amp) configured to allow replication in bacteria
contingent upon an intramolecular circularization event
(Fig. 1A). While the structure of cAAV is typically hetero-
geneous within and between experimental models, the
prototype organization involves a monomer length ge-
nome joined at the ends by condensation of the 5 and 3
ITRs into a single domain called TRT (Figs. 1B and 1C).
In the present study, we used bacterial trapping to
isolate cAAV intermediates from a cell culture model of
AAV latency under conditions that are nonpermissive for
replication. Transformation of Escherichia coli strain
SURE with low molecular weight Hirt DNA extracted from
a 293 cell line containing integrated AV.EGFPori (293-
2156) yielded low but reproducible numbers of colony
forming units (CFU). Bacterial strain SURE was used in
these experiments because of a genetic profile that en-
hances the stability of cloned DNA with inverted repeats,
including the TRT (i.e., cAAV can be captured intact).
Restriction analysis of six representative cAAV structures
is shown in Fig. 2A; a total of 41 clones were analyzed in
this preliminary survey. Four of the six clones (pC1, pC38,
pC40, and pC27) revealed a banding pattern that was
nearly identical to that of a control plasmid (pTRT.EGF-
Pori) containing a single copy of the AV.EGFPori genome
circularized by reorganization of the 5 and 3 ITRs into a
TRT domain (Fig. 1B). Although clones pC1, pC38, pC2,
and pC3 appear to contain an intact TRT, clones pC40
and pC27 have small deletions in this region evidenced
by a faster relative band migration. Clones pC2 and pC3
also appear to contain rearrangements in the main body
of the AAV structure; both contain extra bands of 1.9 kb
(Plasmid) and 0.8 kb (EGFP), while pC3 is missing
fragments corresponding to EGFP and CMV (Fig. 2A).
These two clones were further characterized by restric-
tion and sequence analysis, revealing the structures
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shown in Fig. 3. There are two notable features. First,
pC3 carries a mutant AV.EGFPori genome (called IR)
that contains a large duplication and inversion of vector
sequence spanning the 3 end of the EGFP cDNA
through the ampicillin resistance gene. The IR se-
quence is also deleted of the CMV promoter and the 5
half of the EGFP cDNA. These collective rearrangements
resulted in the assembly of a truncated EGFP domain
(EGFP) and duplication of plasmid sequence (Plas-
mid), indicated by the 0.8- and 1.9-kb bands, respectively,
seen in Fig. 2A. The remainder of the IR sequence,
including the TRT and the parental plasmid sequence,
are identical to those in pC1. Second, cAAV clone pC2
contains the same IR genome in pC3 (indicated by 1.9-
and 0.8-kb bands), in tandem with a unit-length copy of
the parental vector. Furthermore, the two genome sub-
units are separated by intact TRT elements; cAAV clone
pC2 is therefore a composite of pC1 and pC3.
Hirt DNA from 293-2156 cells was also used to trans-
form a recA1 mutant strain of E. coli (DH10B) to ensure
the cAAV clones captured in SURE cells were not the
result of bacterial recombination involving the ITRs of
linear genomes (episomal or integrated); we have shown
previously that strain SURE contains an activity that con-
verts linear AAV templates to circular structures similar
to those in Fig. 2A (Musatov et al., 2000). Consistent with
the results from SURE cells, low but reproducible num-
bers of ampicillin resistance CFU were obtained from
transformed DH10B cells. In marked contrast to the rel-
ative uniformity of cAAV captured in SURE cells (Fig. 2A),
the restriction pattern of DH10B derived clones was
considerably more rearranged (Fig. 2B). Only one of the
six clones shown (clone 2) revealed a banding pattern
that resembled the control plasmid pTRT.EGFPori, de-
spite having a deletion of the TRT domain. The inability to
FIG. 2. Restriction enzyme analysis of circular rAAV genomes cloned
in E. coli. Circular forms of AV.EGFPori captured by transformation in
bacterial strain SURE (A) or DH10B (B) were double-digested with SphI
and XbaI and resolved through a 1.5% EtBr-stained agarose gel. These
enzymes release the four major domains of the prototype circular
AV.EGFPori structure (pTRT.EGFPori, Fig. 1) as indicated; TRT (271 bp),
CMV promoter (611 bp), EGFP minigene (1147 bp), and plasmid back-
bone (2580 bp). Bands labeled EGFP (0.8 kb) or Plasmid (1.9 kb) in
(A) are unique to the IR genome found in clones pC2 and pC3 as
described in the text. Lanes in (A) are labeled across the top of the gel
according to the plasmid clone that was used for restriction digestion.
Lanes in (B) are labeled to indicate six representative clones that were
analyzed. Size markers include lambda DNA digested with HindIII and
a 100-bp ladder.
FIG. 1. Organization of recombinant AV.EGFPori. The AV.EGFPori
vector used in this study is shown in (A). Relevant domains include the
inverted terminal repeats (ITR), CMV promoter (CMV), EGFP coding
region (EGFP), ampicillin resistance gene (Amp), and colE1 origin of
replication (Ori). Circularization of the linear vector results in formation
of the prototype cAAV structure is shown in (B). The circular conforma-
tion, called pTRT.EGFPori, contains a modified ITR (called TRT, solid
black box) at the point of circularization. The TRT domain is shown in
(C) as a linear duplex (top) and as an extruded cruciform (bottom). The
sequence motifs that comprise the TRT palindrome (A, B, and C) are
labeled according to the formula proposed by (Srivastava et al., 1983).
The D-sequence motif (Wang et al., 1995) and the location of the
terminal resolution site (trs) are also indicated. The wavy lines at the
end of the TRT element indicate flanking vector sequence.
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capture intact cAAV in strain DH10B has been docu-
mented previously and is due to secondary structure
associated with the TRT domain. Therefore, while trans-
formation of DH10B with Hirt DNA from 293-2156 cells
was an important control for qualifying the assembly of
cAAV by eukaryotic enzymes, structural data on the cap-
tured clones was compromised due to the instability of
the TRT and surrounding sequences.
Episomal rAAV genomes are represented by
covalently closed circular molecules
To better characterize the physical properties of extra-
chromosomal forms of AAV in 293-2156 cells, Hirt DNA
was resolved on a CsCl–EtBr density gradient. A CFU
elution profile of the gradient was developed by using a
sample of each gradient fraction to transform SURE cells,
revealing fractions 11 and 12 contained the greatest
Amp-resistant CFU counts (Fig. 4A). Importantly, the den-
sities of these fractions (1.574 and 1.568 g/ml for 11 and
12, respectively) correspond to the predicted buoyant
density of Form I DNA (Radloff et al., 1967). A minor peak
of CFU activity was also seen in the elution profile (frac-
tion 15); this lower density peak (1.548 g/ml) likely reflects
relaxed circular (Form II) or linear forms (Form III) of the
AV.EGFPori genome that circularized in strain SURE. The
gradient fractions were also used to transform bacterial
strain DH10B, yielding a CFU elution profile that was
nearly identical to that shown in Fig. 4A (data not shown).
Because this recombination-deficient recA1 strain is un-
able to circularize linear duplex AV.EGFPori genomes
(Musatov et al., 2000), we can conclude with a high
degree of certainty that the circular structures that were
captured in SURE cells from fractions 11 and 12 are the
result of eukaryotic enzymes. This is further supported by
the fact that the buoyant density of fractions 11 and 12 is
consistent with covalently closed circular Form I DNA.
Gradient fractions representing Form I and Form II/III
DNAs were independently pooled and evaluated by
Southern blotting (Fig. 4B). Restriction digestion of Form
I DNA with XhoI (single-cutter) or XbaI (double-cutter)
followed by hybridization with a CMV promoter probe
revealed 4.6- and 3.5-kb bands, respectively, that are
consistent with a circular derivative of the AV.EGFPori
genome (Fig. 1B). If linear duplex forms of the AV.EGFPori
genome contaminated the Form I DNA sample, we would
expect to detect a fragment approximately 0.9 kb when
restricted with either XhoI or XbaI. This band was not
evident in the autoradiogram shown in Fig. 4B, nor when
the blot was overexposed (data not shown). The other
possible contaminant in Form I DNA that we considered
was genomic AV.EGFPori, although unlikely based on the
known separation properties of CsCl–EtBr gradients
(Radloff et al., 1967). To test this possibility, genomic DNA
from 293-2156 cells was digested with XhoI and the
banding pattern compared with XhoI-restricted Form I
FIG. 3. Restriction map and organization of three representative
cAAV clones isolated from Hirt DNA. Circular AAV clones pC1, pC2,
and pC3 from Fig. 2 are shown. Clone pC1 is identical to the
prototype cAAV structure pTRT.EGFPori shown in Fig. 1. The CMV
promoter is indicated by an open arrow, while the EGFP coding
region is shown as an open box. Clone pC3 contains a rearranged
AV.EGFPori vector (IR); it lacks a CMV promoter, an intact EGFP
coding region, and contains a 2.0-kb inverted repeat (indicated by
the arrows) that involves the extreme 3 end of the EGFP cDNA and
a large segment of the plasmid backbone (excluding the Ori do-
main). This rearrangement also results in the assembly of a trun-
cated EGFP cDNA (called EGFP) that is represented by the shaded
box. The region labeled (J) in the EGFP sequence marks the point
of attachment for the sequence inversion. Clone pC2 is a composite
of pC1 (right half) and pC3 (left half). In each of the clones, the ColE1
origin of replication (Ori) is labeled. TRT elements are shown as
solid black boxes.
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DNA. This analysis revealed a common 4.6-kb band
between the two samples, and a 3.6-kb band that was
unique to 292-2156 genomic DNA (Fig. 4B). We attribute
the 4.6-kb band in genomic DNA from 293-2156 cells to a
tandem concatomer of AV.EGFPori, while the 3.8-kb frag-
ment likely corresponds to a vector–cell DNA junction.
Given the fact that there was no evidence of a 3.8-kb
band in the Form I DNA sample when digested with XhoI,
it would appear reasonable to exclude the possibility of
genomic DNA contamination.
Form II/III DNA obtained from the CsCl–EtBr gradient
was also analyzed by Southern blotting to determine if
extrachromosomal linear viral genomes were present in
293-2156 cells. As shown in Fig. 4B, a sample of the Form
II/III DNA electrophoresed uncut failed to reveal a band
corresponding to unit-length duplex AV.EGFPori (4.6 kb).
There was, however, a diffuse hybridization signal due to
sheared genomic DNA. Indeed, restriction digestion with
XhoI converted the diffuse signal in uncut Form II/III DNA
to discrete bands of 4.6- and 3.6-kb bands, a pattern
consistent with integrated vector sequence in 293-2156
cells. The apparent lack of linear duplex AV.EGFPori in
Form II/III DNA was also evident following XhoI diges-
tion, as we could not detect a 0.9-kb band corresponding
to the 5 end of the genome (Figs. 1A and 4B). XhoI
digestion did not, however, rule out the possibility that
the Form II/III DNA sample contained relaxed circular
structures since they would yield a 4.6-kb band indistin-
guishable from contaminating genomic DNA. The pres-
ence of relaxed circular forms is supported by the ability
to capture cAAV from the low-density fraction using bac-
terial transformation (Fig. 4A).
Structural analysis of purified circular AV.EGFPori
Enrichment of cAAV by buoyant density ultracentrifu-
gation of Hirt DNA provided an opportunity to conduct a
comprehensive analysis of circular genome structure.
Over 100 independent clones (n  114) were captured
in SURE cells following transformation with a sample of
purified Form I DNA (Fig. 4A). Plasmid DNAs were ini-
tially characterized by digestion with restriction enzymes
SphI and XbaI (Fig. 1B), revealing five related classes of
cAAV structures. A representative of each class is shown
in Fig. 5A. Clones designated pC103, pC111, and pC124
yielded banding patterns that are identical to prototype
clones pC1, pC3, and pC2, respectively, that were cap-
tured earlier with unpurified Hirt DNA (compare Figs. 2A
and 5A). This correlation was further substantiated by the
relative migration of the clones when resolved on an
agarose gel without prior restriction digestion (Fig. 5B).
Supercoiled pC103 migrated at a rate that was identical
to a unit-length control plasmid (4.6-kb); supercoiled
pC111 migrated at a rate that was slightly slower com-
pared to the unit length control plasmid (consistent with
the known 5.6-kb size of pC3, Fig. 3), and pC124 migrated
at a rate that was slightly slower compared to a dimer
length control plasmid (consistent with the known
10.2-kb size of pC2, Fig. 3).
The two remaining clones shown in Fig. 5A, pC104 and
pC101, appeared to be nearly identical to clones pC103
and pC124, respectively, with the exception that pC101
FIG. 4. Physical properties of cAAV. (A) Elution profile of cAAV
following buoyant-density ultracentrifugation in a cesium chloride–
ethidium bromide gradient. Fractions 7–17 (100 l) are shown plotted
against density and the total number of colony forming units (CFU,
based on transformation in E. coli strain SURE). Peaks corresponding
to Form I DNA and Form II/III DNA are indicated. (B) Southern blot
analysis of high- and low-density fractions. Peak fractions containing
Form I DNA (fractions 11 and 12) or Form II/III DNA (fractions 15 and 16)
were restricted with a single (XhoI) or double (XbaI) cutter enzymes and
analyzed by Southern blotting. The hybridization probe was a restriction
fragment of the CMV promoter. A sample of genomic DNA (10 g) from
293-2156 cells digested with XhoI was included as a control. The
relative migration of lambda HindIII size markers is displayed to the left
of the blot.
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contained a second, faster migrating TRT band (dis-
cussed below). An even more significant structural fea-
ture of clones pC104 and pC101, however, was revealed
by resolving the samples as uncut, supercoiled DNAs
(Fig. 5B). Circular AAV clone pC104 displayed a relative
migration that was equal to the dimer-length control
plasmid, suggesting the presence of tandem con-
catomers of the unit-length AV.EGFPori genome with the
two subunits joined by TRT domains of identical size. In
similar fashion, pC101 displayed a relative migration that
was slightly retarded relative to a trimer length control
plasmid, suggesting the presence of three genome sub-
units. One of these subunits was typical of the rear-
ranged AV.EGFPori sequence (IR) found in pC111, and
earlier in pC2 and pC3, evidenced by the release of
EGFP (0.8 kb) and Plasmid (1.9-kb) bands following
SphI/XbaI digestion (Fig. 5A). The other two genome
subunits in pC101 contribute EGFP and CMV bands to
the SphI/XbaI restriction pattern, suggesting tandem
concatomers of the unit-length AV.EGFPori sequence
constitute the balance of the remaining sequence.
Therefore, clone pC101 is a derivative of pC124 (and
pC2), yet contains a second copy of the unit-length
AV.EGFPori sequence inserted head-to-tail relative to the
other genomes.
After compiling the data from the 114 independent
clones that were analyzed in this study, all but 13 were
found to be identical to one of the five representative
clones described above and depicted in Fig. 6. Interest-
ingly, each of the five classes of cAAV that were identified
in our survey can be explained by differential or alterna-
tive rescue of integrated vector sequence. According to
the schematic shown in Fig. 6, the AV.EGFPori integration
cassette contains at least three vector genomes orga-
nized as a linear array, with each subunit separated from
the other by a TRT element. Although the model is open
to more than one interpretation at this juncture, we pro-
pose a cellular mechanism where the TRT sequence
assumes an active role for assembly of cAAV. For in-
stance, cAAV represented by pC103 are assembled by a
reaction that joins TRT-1 and TRT-2, while a reaction that
tethers TRT-1 and TRT-4 results in the trimer structure
pC101. Because the TRT elements that separate and
flank each of the subunits are assumed to be structurally
and functionally equivalent, the rescue process should
be random. Indeed, every possible combination of cAAV
that could assemble from the core array shown in Fig. 6
was represented in our analysis. It is important to em-
phasize, however, that many factors could impact the
efficiency with which a given TRT element is targeted for
rescue, and in turn, determine the capture frequencies
that were obtained.
FIG. 6. Alternative rescue model of integrated rAAV. A simulated
segment of the integrated AV.EGFPori vector sequence in 293-2156
cells is shown at the center of the diagram. Unit-length vector subunits
are represented by open boxes, while the rearranged 5.7-kb IR ge-
nome is shown as a shaded box. TRT domains are indicated by solid
black boxes and sequentially numbered from left to right. Recombina-
tion between TRT elements (indicated by cropped arrows) results in the
assembly of one of five distinct cAAV classes (I–V). The frequency of
occurrence of each cAAV class (based on bacterial transformation) is
provided. Each cAAV class is labeled according to one of the repre-
sentative clones that was analyzed in Fig. 5.
FIG. 5. Structural analysis of purified cAAV captured in bacterial
strain SURE. (A) Restriction enzyme analysis of five representative
clones captured from purified Form I cAAV (Fig. 4). Plasmids were
double-digested with SphI/XbaI and resolved through a 1.5% EtBr–
agarose gel. Lanes are labeled across the top of the gel according to
the plasmid sample. The principal domains that are released by diges-
tion (described in Fig. 2) are labeled along the right side of the gel. Size
marker includes a 100-bp ladder. (B) Gel electrophoresis of uncut
plasmid samples. cAAV clones shown in (A) were resolved uncut on an
1% EtBr–agarose gel. Three control plasmids were loaded into the last
three lanes as size markers for the migration of cAAV clones containing
one (monomer), two (dimer), or three (trimer) copies of the AV.EGFPori
genome.
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Integrated rAAV genomes are deleted from cell line
293-2156 during serial passage
The mobilization of rAAV as depicted in Fig. 6 suggests
a cellular mechanism with the potential to alter the in-
tegrity of the integration locus. With this paradigm to
consider, we were reminded of an interesting property of
the 293-2156 cell line that became evident during early
development. When the line was first isolated as a single
clone by limiting dilution in a 96-well plate, it was se-
lected based on having EGFP expression levels that
were both strong and uniform. As the line was expanded
to larger culture well formats, the monolayer took on a
distinct mosaic-like pattern of EGFP expression where
the intensity ranged from strong to nondetectable within
a given cell (Fig. 7). This observation was not necessarily
remarkable at the time, as the loss of integrated trans-
genes can be common in cell line development, partic-
ularly in the absence of selection. However, when cou-
pled with the molecular data that suggested the cell line
was spontaneously liberating segments of the integra-
tion locus resulting in the assembly of episomal cAAV, we
were intrigued that the two observations might be related.
To investigate the stability of integrated AV.EGFPori in
cell line 293-2156, subclones were isolated by limiting
dilution in 96-well plates and grouped into four classes
(0, 1, 2, and 3) according to the intensity of intracellular
EGFP expression (Fig. 7). Subclones assigned in the 0
class had no detectable EGFP expression, while clones
given a ranking of 1, 2, or 3 displayed increasing levels of
EGFP expression, respectively. Genomic DNA was iso-
lated from subcloned cells, restricted with different en-
zymes, and analyzed by Southern blotting to determine if
the heterogeneity in reporter transgene expression was
accompanied by structural changes in the integration
locus. Figure 8 shows an example of the Southern blot
results from a representative of each subclone class.
When genomic DNA was restricted with an enzyme that
cuts flanking cell DNA but not vector sequence (HindIII),
a distinct reduction in the size of the integration locus
was evident (Fig. 8A). Interestingly, the size of the hybrid-
ization signal showed a near linear drop in size with a
maximum of approximately 24 kb (class 3) and a mini-
mum of 9.5 kb (class 0), a trend that appears to mirror the
graded loss of EGFP transgene expression among the
four cell classes (Fig. 7). Genomic DNA was next di-
gested with a single-cutter enzyme to release defined
segments of the integration locus. As seen in Fig. 8B,
genomic DNA from class 3 cells released four fragments
(bands A–D) that hybridized with the EGFP restriction
fragment probe when restricted with enzyme ScaI. Band
B is equivalent in size to the AV.EGFPori genome (4.6 kb),
suggesting the presence of at least one tandem con-
catomer in the integration locus. It is of interest to note
that the intensity of band B appears to be stronger than
the other bands, suggesting the involvement of at least
one additional copy of the AV.EGFPori genome within the
tandem array. The remaining fragments produced by
ScaI digestion can be attributed to vector–cell DNA junc-
tions and rearrangements. A more significant finding
from the results in Fig. 8B, however, was the progressive
loss of one EGFP-positive band along the descending
transition from class 3 to class 0. In addition to gross
changes in banding pattern that are clearly evident, two
subtle modifications are notable. First, it appears that the
loss of band A in class 2 is accompanied by a reduction
in the intensity of band B (compare band B to C and D in
classes 3 and 2). Because band B corresponds to tan-
dem copies of unit-length subunits in the integration
locus, we can interpret this observation to reflect the
coordinated loss of at least one unit-length genome
along with the sequence that corresponds to band A.
Second, the final deletion event in class 1 cells to yield
FIG. 8. Southern blot analysis of subcloned 293-2156 cells. The four
different cell classes shown in Fig. 7 were cloned by limited dilution
and expanded. Genomic DNA was isolated from a representative of
each cell class and a sample (10 g) digested with restriction enzyme
HindIII (A) or ScaI (B). The restricted DNA samples, along with similarly
restricted genomic DNA from control 293 cells, were analyzed by
Southern blotting. The hybridization probe was a restriction fragment of
the EGFP cDNA. The relative migration of lambda HindIII size markers
is shown to the left of the blot. EGFP-positive bands in (A) and (B) are
alphabetically labeled along the right side of the blot.
FIG. 7. EGFP expression levels in cell line 293-2156. Direct fluores-
cent microscopy of cultured 293-2156 cells at passage 35. Numbers 3,
2, 1, and 0 are positioned to the immediate left of a cell that is
representative of the corresponding cell class.
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class 0 cells results in a shift upward in the migration of
the remaining band (band E); the molecular basis for this
shift will become evident when the structure of the inte-
gration locus is revealed below. The results with restric-
tion enzymes ScaI and HindIII as presented in Fig. 8 are
representative of a more extensive effort to map the
integration locus in 293-2156 subclone cell classes using
Southern blotting. Each restriction enzyme that was tested
revealed a similar decline in AV.EGFPori DNA content along
the transition from cell class 3 to cell class 0 (data not
shown).
Although the data obtained by Southern blotting
strongly suggests the stability of the AV.EGFPori integra-
tion site in 293-2156 cells is subject to spontaneous
deletions, it was difficult to arrive at definitive band as-
signments (other than tandem arrays) and to chart their
relationship to the structure of episomal cAAV. For this
level of data interpretation to be feasible, we reasoned
that vector–cell DNA junction sequence would be nec-
essary to fill in the gaps. The integration locus was
cloned by plasmid rescue from HindIII restricted
genomic DNA. Ideally, genomic clones were to be cap-
tured in SURE cells in an effort to maintain the native
organization of the integrated vector, in particular the
TRT junctions and flanking sequence. However, repeated
attempts to clone AAV–cell DNA junctions in this bacte-
rial strain were unsuccessful. As an alternative, we used
a bacterial strain (DH10B) that is known to be a reliable
host for plasmid rescue (Grant et al., 1990). A single
independent clone was initially isolated by transforma-
tion in DH10B and mapped by restriction analysis. A
truncated AV.EGFPori domain (6.3 kb) was identified
along with nonvector flanking sequence at both ends (2.7
kb and 3.3 kb) that were joined by a unique HindIII site.
Sequence analysis of the flanking cell DNA was submit-
ted to the NCBI using BLAST (Altschul et al., 1990) to
determine the extent of identity with database entries.
This similarity search revealed a perfect scored match
with sequence from the long arm of human chromosome
15 (15q243). Three additional clones containing the
integrated vector and flanking cell DNA were subse-
quently isolated and characterized by restriction and
sequence analysis. With the exception of minor differ-
ences in the size of the vector sequence, all contained
the same flanking chromosome 15 sequence. An intrigu-
ing aspect of this analysis was the discovery that the
precise site of integration mapped to a truncated LINE-1
element within chromosome 15. The significance of AAV
integration to a presumably nonfunctional LINE-1 ele-
ment is currently unclear and will be considered under
the Discussion.
DNA sequencing through the vector–cell DNA junction
revealed the integrated vector cassette was punctuated
at both ends by remnants of the vector ITR; 73 bp at one
end corresponding to ITR positions 73–145 and 18 bp at
the opposing end corresponding to ITR positions 128–
145. The presence of ITR sequence at both ends of the
vector–cell DNA junction mirrors the provirus structure in
latently infected cells (Dyall et al., 1999; Giraud et al.,
1995; Yang et al., 1997). We were also able to determine
the organization of the first genome subunit from one end
of the integration cassette and partial sequence from the
subunit at the other; however, beyond these domains the
vector sequence could not be interpreted with confi-
dence. At issue here is the instability of TRT domains and
flanking sequence in bacterial strains other than SURE,
including DH10B (Fig. 2B). Therefore, while the experi-
mental approach that was taken to clone vector–cell
DNA junctions provided valuable data on the identity of
flanking cell DNA, junction sequence, and the organiza-
tion of the first genome subunits at both ends, it was not
possible to obtain useful information regarding the entire
linear array of the integration cassette. This apparent
limitation, however, was solved by introducing the se-
quence data obtained from cloned cAAV (Fig. 6). Accord-
ing to our hypothesis, covalently closed cAAV captured
from Hirt DNA represented liberated domains of the
integrated AV.EGFPori vector, particularly those posi-
tioned internally and flanked by intact TRT elements.
Therefore, by combining the sequence data obtained
from the two cloning methods, we were able to arrive at
the entire structure of the integration locus.
As shown in Fig. 9, the AV.EGFPori integration cassette
in the 293-2156 line is approximately 23 kb in length and
contains five genome subunits, including three tandem
arrays (A1, A2, and A3) and two rearranged genomes
(IR and C). This refined structural data enabled us to
return to the Southern hybridization results in Fig. 8 and
chart the loss of vector DNA sequence at each cell class
transition to the assembly of specific cAAV structures. To
facilitate this investigation, we developed ScaI restriction
maps of the integration locus from the different cell
classes and indexed each fragment according to the
Southern hybridization band assignments (Fig. 8). As
shown in Fig. 10, the integration locus from class 3 cells
is characterized by four EGFP-positive ScaI fragments;
bands D (14.1 kb) and C (9.8 kb) represent flanking
regions that contain the vector–cell DNA junction, while
bands A (3.2 kb) and B (4.6 kb; two equivalent copies, B1
and B2) map to internal vector domains. Using the distri-
bution of ScaI fragments from class 3 cells as a refer-
ence point, the loss of vector sequence in cell classes 2,
1, and 0 can be explained by one or more mobilization
events. For instance, the transition from class 3 to class
2 cells is characterized at the molecular level by the loss
of ScaI fragment A and one copy of ScaI fragment B (i.e.,
B2). This outcome can be attributed to a single mobiliza-
tion event involving TRT-2 and TRT-4, liberating a class IV
cAAV that contains one copy each of subunits A3 and
IR separated by TRT-3. The resulting integration locus
in class 2 cells retains ScaI fragments D, B1, and C, yet
lacks A and B2. Note that the deletion of fragment B2
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would be registered by Southern hybridization as a re-
duction in signal intensity (as opposed to the complete
disappearance of signal as seen with fragment A) by
approximately one-half due to the presence of a second
copy of the unit-length fragment (i.e., B1). To demonstrate
the accuracy of the model presented in Fig. 10, the ScaI
restriction maps were used to generate a computer-
simulated Southern blot of restricted genomic DNA from
the different cell classes. Importantly, the simulated
banding patterns following digestion with HindIII or ScaI
were indistinguishable from the equivalent Southern hy-
bridization experiment (data not shown).
Role of the TRT elements for cAAV assembly
The liberation of cAAV from the integration locus in
293-2156 cells resembles a type of cellular recombina-
tion that targets motifs within the AV.EGFPori vector se-
quence. As shown in Fig. 6, we favor a model that
implicates the TRT elements as the primary recognition
sequence. In an effort to test this hypothesis, we con-
structed a minichromosome that contains a single copy
of the AV.EGFPori genome bound by lengths of nonvector
sequence (Fig. 11A). Because this organization lacks the
tandem array configuration that is characteristic of the
integrated vector sequence in 293-2156 cells (Fig. 9), the
role of the TRT elements (as opposed to redundant,
non-TRT vector sequence) for sponsoring cAAV assem-
bly can be directly evaluated.
The minichromosome was transfected into 293 cells
and extrachromosomal DNAs resolved on a CsCl–EtBr
gradient. Fractions containing Form I and Form II/III
DNA were analyzed by Southern blotting and the re-
sults presented in Fig. 11B. As expected, a single band
corresponding in size to the 8.0-kb linear minichromo-
some was clearly evident in gradient fractions repre-
senting Form II/III DNA. More significant, however,
was the detection of a 4.6-kb circular derivative of the
minichromosome that was unique to gradient fractions
containing Form I DNA. A control minichromosome
that lacks TRT elements at the ends of the core vector
sequence failed to produce the Form I structure when
transfected into 293 cells (data not shown). At least
two mechanisms could account for the circular deriv-
ative shown in Fig. 11B; ligation of the linear minichro-
mosome to yield an 8.0-kb plasmid or TRT-mediated
recombination, thereby liberating a 4.6-kb cAAV. The
relative migration of the band in Form I DNA (4.6 kb) is
more consistent with the TRT recombination mecha-
nism. To further define the structure of the circular
derivative, purified Form I DNA was used to transform
E. coli strain SURE. A representative of 25 independent
clones that were analyzed by gel electrophoresis is
shown in Fig. 11C. In close agreement with the South-
ern blot data in Fig. 11B, the circular structure cloned
from Form I DNA displayed a relative migration that
was indistinguishable from cAAV containing a single
copy of the AV.EGFPori genome tethered by a TRT
element (Fig. 11C). This identity was further illustrated
by restricting the Form I DNA clone with SphI and XbaI,
a reaction that correctly released the four principle
domains of the prototype cAAV structure (i.e., plasmid,
EGFP, CMV, and TRT). The significance of these data
are twofold. First, the liberation of a defined cAAV from
the linear minichromosome appears to reproduce the
spontaneous mobilization reaction in 293-2156 cells; it
should be possible to use this cell-based assay to
further delineate the cellular mechanism. Second, the
TRT elements are necessary and sufficient to initiate
the mobilization reaction using a single-copy vector
template.
FIG. 10. Spontaneous mobilization of cAAV and the correlation with cell
class transition. The integration locus from class 3 subclones of 293-2156
cells is shown at the top. Unit-length subunits A1, A2, and A3 are indicated
by open boxes, the IR genome by a shaded box, and the C subunit by a
hatched box. TRT elements and vector–cell DNA junctions are labeled.
Flanking chromosome 15 DNA is shown as a solid line. The location of
EGFP cDNA sequence that served as a hybridization target for Southern
blotting in Fig. 8 is marked by vertical text (EGFP). Directly above the
diagram of the integration locus is a ScaI restriction map. ScaI fragments
that would hybridize with an EGFP probe are alphabetically labeled in
accord with the Southern blot results in Fig. 8B. Fragments B1 and B2 are
equivalent in size due to the tandem arrangement of subunits A1, A2, and
A3. The labeling scheme described above is preserved in each of the
integration loci diagrams depicted for class 2, class 1, and class 0 cells.
Arrows with open heads indicate mobilization events that yield a new cell
class directly from class 3 cells. Arrows with closed heads show interme-
diate mobilization events that would be necessary for sequential transi-
tions from class 3 cells. All mobilization events are labeled to indicated the
corresponding cAAV structure that is assembled. Class X cAAV is a
theoretical structure that was not identified in our survey.
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DISCUSSION
In this article we have identified a cellular mechanism
that results in the liberation of integrated rAAV sequence
in the absence of helper virus. Although we cannot at this
time extrapolate our findings beyond the confines of the
experimental cell culture model, it is important to empha-
size that we are not the first to report spontaneous
mobilization of integrated AAV. In 1977, Handa et al. used
reassociation kinetics to study the distribution of AAV
sequence in a latently infected KB cell line (Handa et al.,
1977). Genomic DNA was fractionated into so-called “net-
work” DNA (aggregates of high molecular weight cell
DNA complexed by random annealing between reiter-
ated sequences) and a supernatant component that was
largely devoid of chromosomal DNA. Their data sug-
gested that both network and supernatant DNA acceler-
ated the reassociation of a labeled AAV DNA probe, with
80% of the latent virus sequence bound to the network
fraction. While this data was consistent with virus inte-
gration, the ability of the supernatant fraction to acceler-
ate reassociation at a rate equivalent to network DNA
raised the possibility of an extrachromosomal form of the
viral genome. Alternatively, the supernatant fraction was
contaminated with integrated sequence that was not
sequestered into the network due to unusual size or
sequence composition (Varmus et al., 1973). To explain
this result, the authors introduced the concept of “spon-
taneous excision of the integrated AAV1 genome at a low
frequency.” Three subsequent studies by different groups
appeared to bolster the significance of spontaneous mo-
bilization of integrated AAV. Working with a Detroit 6 cell
line (D5) latently infected with AAV-2, Cheung et al. (1980)
described an episomal form of the viral genome that
surfaced in DNA samples from late (118) but not early
(9–10) passage cultures. This extrachromosomal struc-
ture was detected by Southern blot analysis of total cell
DNA and appeared to have a linear duplex conformation
based on electrophoretic mobility. Independent studies
by Laughlin et al. (1986) and McLaughlin et al. (1988)
similarly discovered free episomal copies of AAV in la-
tently infected cell lines. Both groups used Southern
blotting to study the structure of integrated AAV DNA and
arrived at the same conclusion that some of their exper-
imental cell lines contained extrachromosomal linear
duplex AAV genomes together with integrated provirus.
Despite the shared observation of episomal AAV ge-
nomes, there are important differences between the
present study and earlier reports of spontaneous mobi-
lization. First and foremost, the integration locus in our
experimental cell line is composed of recombinant AAV
that is deleted of all viral genes (Fig. 1A); the provirus
locus in each of the earlier studies was assembled with
wild-type AAV (Cheung et al., 1980; Handa et al., 1977;
Laughlin et al., 1986), or a recombinant version that
retained functional Rep genes (McLaughlin et al., 1988).
The status of the Rep genotype is significant because of
the known biological activities (e.g., trs nicking) of the
encoded regulatory proteins. For instance, it is conceiv-
able that a Rep provirus could produce basal levels of
FIG. 11. TRT-mediated assembly of cAAV. (A) Organization of linear
minichromosome containing a single copy of the AV.EGFPori vector ge-
nome. The core AV.EGFPori sequence is flanked on both ends by TRT
elements. Nonvector sequence is indicated by a double line and includes
1.0 and 2.0 kb at the 5 and 3 ends, respectively, of the minichromosome.
An intramolecular recombination event between the TRT elements would
produce a circular derivative identical to the prototype cAAV structure
shown in Fig. 1B. (B) Southern blot analysis of extrachromosomal DNA
from 293 cells transfected with the linear minichromosome. CsCl–EtBr
gradient fractions representing Form I and Form II/III DNA are labeled
along the top of the autoradiogram, with corresponding densities (g/ml)
provided along the bottom. The relative migrations of covalently closed
circular DNA markers (4.6 kb, 9.2 kb, and 13.9 kb) are indicated to the left
of the autoradiogram. The band labeled (mCh) in Form II/III DNA fractions
corresponds to the linear 8.0-kb minichromosome that was transfected
into 293 cells. (C) Gel electrophoresis of Form I DNA cloned in E. coli strain
SURE. DNA samples were resolved uncut (left) or following restriction
digestion with SphI and XbaI (right). Lane 1 contains a representative of 25
clones that were isolated from purified Form I DNA. Controls for recom-
bination and ligation reactions are included in lanes 2 (pTRT.EGFPori) and
3 (p2TRT.EGFPori.gS, a circular version of the linear 8.0-kb minichromo-
some), respectively.
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Rep protein sufficient to initiate rare mobilization events,
even in the absence of helper virus. Helper-independent
replication of AAV has been reported previously (Yakob-
son et al., 1987; Yalkinoglu et al., 1988). Because this
scenario cannot be applied to the rep integration locus
in 293-2156 cells, data interpretation is limited to cellular
events. Second, our discovery of cAAV as the most abun-
dant extrachromosomal product of spontaneous rescue
(Figs. 4 and 5) is in contrast to the linear structures
described by Cheung et al. (1980) and others (Laughlin et
al., 1986; McLaughlin et al., 1988). We can resolve this
apparent discrepancy by again highlighting the Rep ge-
notype of the provirus locus in the two experimental
settings. Accepting the premise that low levels of Rep
protein expression are both feasible and unique to rest-
ing provirus bearing a Rep genotype, this environment
would possibly favor linear structures over the cAAV
conformation due to resolution of the TRT in the latter.
Indeed, Rep-mediated conversion of cAAV to linear RFm
has been experimentally demonstrated (Musatov et al.,
2000; Xiao et al., 1997). Taking this precursor–product
relationship into consideration, it is reasonable to sug-
gest that the two episomal forms (i.e., linear and circular)
are indicative of a related spontaneous rescue mecha-
nism, yet their relative intracellular abundance is contin-
gent upon the presence of a TRT-resolving activity. Fi-
nally, earlier reports of spontaneous mobilization based
their conclusions on data from cell lines generated by
virus infection. We elected to take an alternative ap-
proach to establishing a state of rAAV latency in cultured
cells; more specifically, cells were transfected with a
cloned cAAV derivative of the recombinant AV.EGFPori
genome (Fig. 1B). This raises the important question of
how closely our cell line model duplicates AAV latency.
Several points are worth considering. First, the integra-
tion locus in 293-2156 cells conforms to known struc-
tural/functional properties of AAV provirus, including the
presence of AAV ITR sequence at cell DNA junctions
(Fig. 9) (Dyall et al., 1999; Giraud et al., 1995; Yang et al.,
1997), the assembly of tandem and multimer arrays dur-
ing integration (Fig. 9) (Cheung et al., 1980; Laughlin et
al., 1986; McLaughlin et al., 1988), and the ability of the
integrated sequence to support the productive phase of
the virus life (i.e., rescue, replication, virus production)
following helper virus infection (Berns, 1990; Musatov et
al., 2000). Second, the integration characteristics of AAV
genomes delivered to cells by plasmid transfection (Bal-
ague et al., 1997; Shelling and Smith, 1994) or in the
context of a hybrid viral vector (Palombo et al., 1998) has
been the subject of several reports. In each case, the
integration locus was found to be similar, if not identical,
to provirus structures that are assembled during the
latent phase of the AAV life cycle. Although these obser-
vations support the hypothesis that the establishment of
AAV provirus is not necessarily contingent upon virus
infection, we remain sensitive to the possibility that the
spontaneous mobilization mechanism in 293-2156 cells
is unique to this line by virtue of unusual plasmid inte-
gration properties.
In an effort to resolve this issue, we repeated the
experimental procedures described in this article to de-
termine if episomal forms of rAAV could be detected in
human fibroblasts latently infected with recombinant
AV.EGFPori virus (Fig. 1A). Briefly, cultured cells were
infected with purified AV.EGFPori virus, serially passaged
to establish stable integration events, and selected for
EGFP expression by FACS. Isogenic clones were iso-
lated by limited dilution in 96-well culture plates and
initially characterized for provirus rescue and replication
following coinfection with wild-type AAV2 and Ad5. Two
independent cell lines (1-H5 and 3-F9) that were found to
accumulate replicative forms (RF) of the integrated
AV.EGFPori vector under permissive conditions were ex-
panded under normal growth conditions (i.e., nonpermis-
sive) and Hirt DNA extracted. Form I and Form II/III
fractions were purified by buoyant density ultracentrifu-
gation in CsCl–EtBr and samples of each used to trans-
form E. coli. The results from these experiments paral-
leled those from cell line 293-2156 shown in Fig. 4; i.e.,
covalently closed circular derivatives of the AV.EGFPori
vector genome were enriched in fractions corresponding
to Form I DNA from both cell lines (data not shown). In
addition to monomer-length cAAV that conformed to the
prototype organization shown in Fig. 1B, higher order
structures (e.g., dimers) were also isolated from the pu-
rified Form I fractions. Of particular significance were
cAAV clones with discrete sequence rearrangements
that could be unambiguously mapped to the integrated
provirus (data not shown). The apparent transfer of ge-
netic material from provirus to episomal cAAV in latently
infected fibroblasts suggests the involvement of a cellu-
lar mechanism that is similar (if not identical) to that
documented in cell line 293-2156 (Fig. 6). These findings,
to be published in a separate article, should help to
establish the significance of spontaneous mobilization
for AAV biology.
Mechanisms of spontaneous mobilization
As originally proposed by Cheung et al. (1980), we
favor a spontaneous mobilization mechanism that in-
volves recombination between the TRT elements that
separate the integrated vector subunits. It is important to
emphasize at this juncture that the recombination event
that we believe mediates cAAV assembly is limited to
templates that are able to align as direct repeats. This
requirement is satisfied by the unique palindromic ar-
rangement of the AAV ITRs (Lusby et al., 1980; although,
each individual ITR contains an inverted repeat format,
when aligned with an opposing ITR the two sequences
constitute a direct repetition. Applying this model to in-
tegrated AV.EGFPori in 293-2156 cells, reciprocal recom-
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bination between direct repeats in aligned TRT elements
would result in excision of the intervening region as
circular DNA, with one copy of the TRT distributed to the
cAAV and the other copy serving to establish a new
vector–vector junction. This reaction would also result in
the deletion of a defined segment of the integration
locus, a consequence that is in agreement with the
Southern blot data shown in Fig. 8.
Arriving at a definitive conclusion pertaining to the role
of the TRT elements is complicated, however, by the
tandem redundancy of the integrated sequence in 293-
2156 cells (Fig. 9). According to this simplified view, any
sequence motif along the length of the AV.EGFPori vector
could template a homologous recombination event with
little or no target specificity, given the availability and
alignment of a direct repeat within the tandem array. As
it turns out, the two principal structural findings of our
study, precise assembly of integrated vector genomes
(Figs. 4 and 5) and the rapid decline of chromosomal
rAAV DNA content with continued cell passage (Fig. 8),
do not distinguish candidate cis-acting sequence initia-
tors within the vector cassette. As a first step toward
settling this apparent ambiguity, we conducted an exper-
iment to evaluate the mobilization properties of the TRT
element in the absence of vector sequence redundancy
(Fig. 11). The salient finding from this line of investigation
was the ability to reproduce the assembly of cAAV struc-
tures in cultured cells transfected with a linear minichro-
mosome that contains a single copy of the AV.EGFPori
vector sequence. Because the minichromosome lacks
repetition of the core vector sequence, it would seem
reasonable to suggest that the TRT elements are indeed
sufficient to serve as cis-acting domains for spontaneous
mobilization. This tentative conclusion is not intended to
exclude the significance of the well-documented tandem
array configuration of integrated AAV (Cheung et al.,
1980; Laughlin et al., 1986; McLaughlin et al., 1988). On
the contrary, this natural property of AAV latency is fun-
damental to the cellular mechanism that drives cAAV
assembly, regardless of the actual sequence motif where
mobilization initiates. Should recombination factors tar-
get a non-TRT vector domain, the fact remains that the
AV.EGFPori integration cassette in 293-2156 cells has a
level of structural instability with important implications
for AAV biology and the dynamics of surrounding host
cell DNA.
Determining the structure of the integration locus in
293-2156 cells was critical for our interpretation of data
that suggested the assembly of cAAV was a direct con-
sequence of recombination-mediated deletions. The
consensus organization shown in Fig. 9 was used to
develop a simulated series of mobilization events that
demonstrate the molecular transition from one 293-2156
cell class to another. There are several notable features
of the model depicted in Fig. 10. First, the presumptive
ordering of cell classes along a sequential series is not
necessarily absolute. Consider the origin of class 1 cells.
The most direct pathway envisions an immediate precur-
sor–product relationship between class 3 and class 1
cells, respectively, contingent upon a single mobilization
event involving TRT-1 and TRT-4 (this reaction liberates a
class V cAAV). However, it is equally possible that class
1 cells are the product of two independent mobilization
events (yielding class IV and I cAAV), with class 2 cells
taking over the role of immediate precursor. A potential
limiting factor in directing which of these two routes
dominate is the capacity of a given TRT element to
withstand multiple mobilization events. If the underlying
mechanism is indicative of homologous recombination,
the reciprocal exchange of sequence between two TRT
elements should leave one intact copy with the inte-
grated vector cassette, allowing subsequent mobilization
events to proceed. A less precise mechanism would
likely compromise the stepwise progression from one
cell class to another. Although our data does not discrim-
inate between direct and sequential transition pathways,
the isolation of both simple (i.e., monomer length) and
compound (i.e., dimer and trimer length) cAAV structures
(Fig. 6) would appear to suggest that the two directions
are not mutually exclusive. Second, regardless of
whether the different cell classes are sequentially re-
lated or representative of independent events, each cell
class transition results in the loss of one unit-length
genome subunit capable of expressing EGFP. This struc-
tural observation is consistent with the reduction in in-
tracellular EGFP signal intensity that was observed
along the transition from class 3 to class 0 cell types (Fig.
7). Third, the rearranged C-subunit appears to be refrac-
tory to spontaneous rescue; none of the cAAV that were
captured contained this domain and it was the only
remaining subunit in class 0 cells (Fig. 10). That mono-
mer length cAAV of the C-subunit was not captured by
bacterial trapping is not surprising, as this rearranged
genome lacks domains (Amp and Ori) necessary for
transformation (Fig. 9). However, this deficiency could be
complemented by the neighboring IR genome following
mobilization at TRT-3 and J2, thereby resulting in a new
class of compound cAAV (Fig. 9). The inability to docu-
ment this putative cAAV class in our survey may reflect
inadequate sampling, structural instability during bacte-
rial transformation, or restrictions during mobilization
that prevent the assembly of a putative IRC dimer
structure. Finally, the cell class transition scheme pre-
sented in Fig. 10 accounts for all but one of the five
classes of cAAV that were captured from purified Hirt
DNA; class III cAAV is not represented. This structure is
assembled by an excision reaction involving TRT-3 and
TRT-4, yet would likely go undetected at the cellular level
(i.e., EGFP signal intensity) since the IR genome does
not contain an intact transgene cassette. It is possible
therefore that Fig. 10 does not account for every combi-
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nation of cell class (or cAAV structure) that is present
within the mixed population of parental 293-2156 cells.
In attempting to understand the biology of cAAV spon-
taneous mobilization, it is useful to recognize similarities
with other genetic systems. Transposable elements have
long been recognized for their ability to mobilize from
host cell chromatin. The mechanism that controls the
mobilization event is specific for each transposon class,
and in some instances can involve the assembly of a
circular DNA intermediate with characteristics similar to
cAAV. Excision as a circular intermediate has been de-
scribed for bacterial insertion sequences (Pollard et al.,
1986; Turlan and Chandler, 1985), prokaryotic conjugal
transposons (Scott et al., 1988), and eukaryotic elements
(Flavell and Ish-Horowicz, 1983; Rose and Snutch, 1984;
Ruan and Emmons, 1984; Williams et al., 1993). Although
the biological significance of the circular episomes in
many of these studies remains to be elucidated, others
have revealed properties that suggest a functional role
during transposition (Pollard et al., 1986; Scott et al.,
1988). Interestingly, several reports of circular transposi-
tion intermediates have made reference to homologous
recombination, thereby drawing a possible correlation to
our model of cAAV spontaneous mobilization. Flavell and
Ish-Horowicz (1983) described the accumulation (1 copy/
10–50 cells) of extrachromosomal circular copies of the
transposable element copia in cultured Drosophila cells.
The authors implicated homologous recombination be-
tween the terminal direct repeats that flank the inte-
grated copia element as a cellular component of the
excision pathway. They arrived at this mechanism based
on the observation that circular copia intermediates of-
ten contained a single copy of the terminal repeat at the
point of circularization, with the second copy presumably
retained by chromosomal DNA. A fundamental difference
between transposition-mediated circular DNA and cAAV,
however, is the possible involvement of element-en-
coded regulatory proteins in the former. This introduces
a level of programmed control that does not extrapolate
to integrated rAAV due to the deletion of all viral genes.
In the context of earlier studies with wild-type (Cheung et
al., 1980; Laughlin et al., 1986) and pseudo-wild-type AAV
provirus (McLaughlin et al., 1988), the correlation to
transposable elements is considerably more compelling
as viral-encoded Rep proteins could display trans-
posase-like properties that alter the structure of episo-
mal intermediates or the frequency of excision (Fisher
and Mayor, 1987, 1991).
While the circularization of certain transposable ele-
ments is a useful reference point for studying the biology
of cAAV mobilization, it is important to note that these
putative transposition intermediates are indicative of a
more general class of extrachromosomal DNA called
small polydispersed circular DNA (spcDNA). Virtually all
spcDNAs have been shown to be derived from chromo-
somal DNA and many are represented by repetitive se-
quences (Fujimoto et al., 1985; Gaubatz, 1990; Krolewski
et al., 1984; Kunisada and Yamagishi, 1987; Misra et al.,
1987; Riabowol et al., 1985; Rush and Misra, 1985; Schin-
dler and Rush, 1985). Despite numerous reports of
spcDNA in a wide variety of eukaryotic organisms and
cell types, suggestive of a general biological phenome-
non, it is difficult to assign a unified functional signifi-
cance to these structures. Instead, spcDNA appear to
represent a collage of cellular pathways that happen to
share a common structural feature, circular duplex DNA.
Indeed, spcDNA have been implicated as intermediates
or by-products of seemingly disparate chromosomal
processes including transposition (Campbell, 1981;
Krolewski and Rush, 1984; Paulson et al., 1985), gene
amplification (Cohen and Lavi, 1996; Sunnerhagen et al.,
1989; Wahl, 1989), recombination (Jones and Potter,
1985a,b; Krolewski et al., 1984; Misra et al., 1989; Smith
and Vinograd, 1972), reverse transcription (Krolewski and
Rush, 1984), aberrant replication (Kunisada and Yama-
gishi, 1984; Sunnerhagen et al., 1989), and developmen-
tal somatic rearrangements (DeLap and Rush, 1978; Fu-
jimoto et al., 1985). There are also data to suggest that
elevated levels of spcDNA are associated with genomic
instability brought on by tumor-prone genetic diseases or
induced by chemical/physical carcinogens (Cohen and
Lavi, 1996; Cohen et al., 1997; Sunnerhagen et al., 1989).
Collectively, these observations reveal a biological sys-
tem that is intimately tied to the dynamics of host cell
DNA, a parameter that we proposed is equally important
for spontaneous mobilization of integrated rAAV. It may
therefore be reasonable to suggest that cAAV and
spcDNA share similar if not the same cellular pathways
responsible for their generation.
Significance of the integration locus
A structural feature of integrated rAAV in 293-2156
cells that proved to be critical for data interpretation was
the presence of a 5.7-kb rearranged rAAV genome sub-
unit (IR). Using this sequence as a unique landmark
within an otherwise mostly redundant structure, we were
able to accurately map the assembly of the five cAAV
classes. As shown in Figs. 6 and 9, each of the cAAV
structures can be explained by alternative use of TRT
elements within the integration locus. For example, if two
TRTs flanking the same genome are involved in a mobi-
lization event, then the resulting cAAV will contain a
single genome subunit (e.g., class I and III). Conversely,
if the participating TRTs are distally related and sepa-
rated by more than one genome, the rescued product will
be a dimer (e.g., class II and IV) or trimer (e.g., class V) in
length. It is of interest to note that the preservation of
these higher order cAAV structures as compound, extra-
chromosomal replicons provides evidence that the intra-
cellular environment from which they were obtained
lacks an activity capable of efficiently resolving the TRT
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structure; otherwise, they would be severed into inde-
pendent replication templates. As suggested earlier, this
parameter may help explain the circular vs linear con-
formation of mobilization products from Rep and Rep
integrated AAV, respectively.
According to the alternative rescue mechanism shown
in Fig. 6, the number of possible mobilization events
(called here the mobilization index) increases with each
additional TRT element. This would appear to suggest
that the probability of spontaneous mobilization is a
function of complexity of the integrated vector cassette.
Other contributing factors may include the nature of
surrounding cell DNA, integrity of the TRT elements and
vector–cell DNA junctions, cellular program, and the rel-
ative alignment of the individual subunits. The mobiliza-
tion index for the integration locus in 293-2156 is 15; this
assumes that each of the TRT elements and the residual
ITR sequence at the vector–cell DNA junction are equiv-
alent targets for spontaneous mobilization (Fig. 9). Of the
15 possible events, 12 would result in cAAV structures
that are unique. If the vector–cell DNA junctions are
defective for mobilization (due to ITR deletions), the mo-
bilization index drops to 6, five of which represent a
unique cAAV structure. Looking at these numbers, it is
notable that our structural analysis of cAAV from 293-
2156 cells revealed five different classes (Fig. 6). Assum-
ing our survey was complete (a reasonable guess con-
sidering over 100 cAAV were analyzed), we speculate
that the vector–cell DNA junctions have a lower proba-
bility of initiating a mobilization event compared to the
TRT elements. This appears to be particularly true for the
junction that serves the C-subunit (J2), as none of the
cAAV that were characterized contained this sequence.
The vector–cell DNA junctions do, however, appear to
retain some level of activity evidenced by the ability of
the A1 subunit to mobilize from class 1 cells (Fig. 10).
The mobilization index for integrated AAV is a measure
of resting potential under standard conditions defined by
the host cell. Although this value provides a baseline for
subsequent analyses, it is difficult to predict how the
mobilization index would change in the context of a
different cell type or if relocated to a new genetic locus
(i.e., position effect). Clearly, the unusual genetics of 293
cells (the parental line for 293-2156 cells) could partially
explain the deletion of vector segments and the assem-
bly of cAAV. These transformed cells are known to have
an altered cell cycle program together with a higher than
normal level of genomic instability. Of equal significance,
we were intrigued to find that the vector integration
cassette in our experimental cell line interrupted a
LINE-1 (L1) element (Fig. 9). These sequences are widely
distributed throughout the human genome, accounting
for roughly 15% of the total DNA content (Furano, 2000).
The full-length L1 sequence is 6.0 kb and contains two
open reading frames, one that encodes a DNA binding
protein (ORF1) and a second that encodes a multifunc-
tional protein with endonuclease and reverse transcrip-
tase activities. While a subset of the 100,000 L1 ele-
ments that dot the human genome are known to possess
retrotransposition activity (Kimberland et al., 1999),
greater than 95% are severely truncated or rearranged
sufficiently to block mobilization. This appears to be the
case with the L1 element that was targeted for integra-
tion by the AV.EGFPori vector in 293-2156 cells; the se-
quence retains only 2.0 kb of the full-length L1 sequence
and is additionally crippled by a sequence inversion at
the newly created 5 end. Although the severity of these
modifications make it tempting to dismiss the signifi-
cance of the association with L1 sequence, many of the
critical parameters that dictate L1 retrotransposition re-
main to be elucidated. This leaves open the possibility
that even seemingly inactive L1 elements may retain the
capacity to destabilize local chromatin and enhance the
mobility of proximately located integrated AAV.
Biology of cAAV
An intriguing structural feature of cAAV described in
this article is the remarkable similarity to previously de-
scribed circular vector episomes that have been isolated
from cells during rAAV gene transfer (Duan et al., 1999,
1998). cAAV intermediates captured from transduced
cells have been shown to contain one or more vector
genomes, with the ends of each genome joined by a TRT
element virtually identical to that shown in Fig. 1C. There
does, however, appear to be a greater degree of heter-
ogeneity (particularly about the TRT) with cAAV from
transduced cells. Although the biological significance of
cAAV that are assembled during gene transfer remains
unclear, the prevailing thought is that they may serve as
an integration intermediate (Duan et al., 1998; Linden et
al., 1996). In apparent agreement with this hypothesis,
cAAV have been shown to display higher levels of inte-
gration efficiency in cell culture models relative to control
plasmids that lack the TRT domain (Duan et al., 1998).
This raises the compelling prospect that spontaneously
mobilized cAAV, once liberated from the integration locus
and recognized by critical cellular factors, may be se-
questered by host cell DNA, resulting in transposition to
a new genetic locus. Interestingly, there is precedence
for such a phenomenon. In N-methyl-N-nitro-N-ni-
trosoguanidine-treated CO60 cells harboring integrated
SV40 genome the viral sequences were amplified as
circular molecules of various sizes. Subsequent analysis
of the provirus structure in subcloned cells revealed an
altered banding profile that was indicative of reintegra-
tion of the extrachromosomal molecules (Cohen and
Lavi, 1996). From a more conceptual perspective,
Cheung et al. (1980) has suggested that AAV may repre-
sent a eukaryotic equivalent of bacterial transposons
and insertion sequences. This hypothesis is supported
by the striking sequence orientation similarities between
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these genetic elements and AAV, as well as the natural
ability of AAV genomes to integrate and excise from host
DNA. This concept has been elegantly developed in the
theoretical works by Fisher and Mayor (1987, 1991). Al-
though we found no evidence of reintegration episodes
in this study, the limited number of cell clones that were
characterized (n  14) makes it unlikely that we would
have detected rare transposition events. Regardless,
considering the structural and functional identity of spon-
taneously rescued circular intermediates and latent epi-
somes found in transduced tissues, we remain intrigued
by the hypothesis that extrachromosomal derivatives are
possible targets for homologous and nonhomologous
recombination with host DNA thus leading to genomic
fluidity. Further studies with cell lines containing defined
AAV integration loci equipped with transposition markers
should shed light on this remarkable possibility.
MATERIALS AND METHODS
Recombinant plasmids, vectors, and cell lines
A graphic map of the rAAV vector (AV.EGFPori) used in
the study is shown in Fig. 1B. Major domains include
inverted terminal repeats obtained from psub201 (Sam-
ulski et al., 1987), enhanced green fluorescence protein
cDNA (derived from pEGFP-1, Invitrogen) under the tran-
scriptional control of the cytomegalovirus immediate-
early enhancer/promoter (CMV), polyadenylation signal
from simian virus 40 (SV40 poly(A)), ampicillin-resistance
gene (Amp), and ColE1 bacterial origin of replication
(Ori).
pTRT.EGFPori, a prototype cAAV of the AV.EGFPori
vector, was cloned in E. coli strain SURE (Stratagene)
following transformation with Hirt DNA from AV.EGFPori-
transduced mouse muscle (Duan et al., 1998). This con-
trol plasmid for circular AV.EGFPori contains a single
copy of the vector sequence joined head-to-tail by a TRT
element (Fig. 1B). The distinguishing feature of the TRT
relative to a classical duplex ITR is the placement of
D-sequence and trs motifs at both ends of the palin-
drome (domains A–C) (Fig. 1C).
p2TRT.EGFPori-gS was engineered to serve as a tem-
plate for a cell-based recombination assay (see below).
The plasmid contains a single copy of the AV.EGFPori
vector sequence that is identical to that shown in Fig. 1A,
with the exception of being punctuated with TRT ele-
ments at both ends instead of ITR sequence. The entire
vector sequence is juxtaposed to 3.0 kb of random non-
vector sequence that contains a unique HindIII site.
Digestion of p2TRT.EGFPori-gS with HindIII produces a
linear minichromosome approximately 8.0 kb in length.
A cell line containing integrated AV.EGFPori was de-
veloped by transfecting (Fugene 6, Roche) 293 cells with
cAAV plasmid pTRT.EGFPori. After seven rounds of cell
passage (1:10), single-cell clones were established by
limiting dilution in 96-well plates and screened for EGFP
expression and helper-dependent rescue of the inte-
grated vector cassette. A clone designed 293-2156 was
used for experiments in this study. Subclones of the
293-2156 cell line were isolated by limiting dilution in
96-well after the line had been taken through 30 pas-
sages in culture. Single clones (n  53) were scored for
EGFP expression and grouped into four classes (3, 2, 1,
and 0) according to the expression intensity level. Four-
teen isolates representing different classes were then
expanded and used for experiments. All cells were main-
tained as monolayer cultures in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum and antibiotics at 37°C in 5% CO2.
Isolation and purification of extrachromosomal
circular rAAV
Low molecular weight DNA was extracted from cells
as described (Musatov et al., 2000). To clone circular
rAAV in bacteria, DNA samples (usually 10% of total yield
from a 35-mm culture well) were mixed with electropo-
ration-competent E. coli SURE (Stratagene) or DH10B
(Gibco-BRL) strains and the transformation reaction con-
ducted according to the manufacturers’ instructions. The
total number of cfu was quantified and purified plasmids
evaluated by restriction analysis. Where appropriate, the
results of restriction analysis were further verified by
Southern blotting against [32P]dCTP random-primer-la-
beled restriction fragments from selected vector do-
mains, and DNA sequencing.
Hirt DNA was fractionated into Form I (covalently
closed circles) and Form II/III (linear and nicked circular)
DNA by buoyant density ultracentrifugation in cesium
chloride–ethidium bromide (CsCl–EtBr). Briefly, 293-2156
cells were grown to confluence in 150-mm plates (25
plates at approximately 5  107 cells/plate). Cells were
washed with PBS and lysed directly in the plate with 6 ml
of modified Hirt extraction buffer (10 mM Tris–HCl, pH
8.0, 10 mM EDTA, 1.0% SDS, 100 g/ml proteinase K). The
lysate was collected with the aid of a cell scraper, ali-
quoted into six 38.5-ml Beckman ultraclear tubes and
incubated at 37°C for 2 h. Following addition of NaCl to
a final concentration of 1.1 M, the samples were incu-
bated at 4°C overnight. Precipitated cellular debris were
pelleted by centrifugation in a Beckman SW-28 rotor at
25,000 rpm (112,700g) at 4°C for 30 min. The clarified
supernatant was combined in a centrifuge bottle; nucleic
acids were precipitated at room temperature with iso-
propanol, collected by centrifugation, and suspended in
approximately 4 ml of TE buffer containing 20 g/ml
DNase-free RNase A. Following 30-min incubation at
room temperature, the sample was resolved on a CsCl–
EtBr density gradient. Centrifugation was performed in a
Beckman NVT-90 rotor (5.2-ml Beckman ultraclear tube)
at 645,000g at 20°C for 4 h. Fractions (100 l) were
collected from the bottom of the centrifuge tube; refrac-
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tive index readings were determined for each gradient
fraction and converted to density. Samples were then
extensively dialyzed against TE in Slide-A-Lyzer Mini
Dialysis Units (Pierce) and used for further experiments.
Southern blotting
Peak fractions from fractionated Hirt DNA containing
Form I or Form II/III DNA were separately pooled and
precipitated in the presence of glycogen (30 g/ml final
concentration, Boehringer Mannheim). DNA was di-
gested in a 40-l reaction volume with different restric-
tion enzymes for 16 h. Samples were resolved on a 0.9%
agarose gel, electrotransferred to a nylon membrane
(Hybond-N, Amersham), and hybridized with a
[32P]dCTP random-primer-labeled CMV promoter restric-
tion fragment.
Genomic DNA from 293-2156 cells and different sub-
clone classes (3, 2, 1, and 0) was extracted and samples
(10 g) digested with HindIII or ScaI for 16 h in a 30-l
reaction volume. Following resolution on a 0.9% agarose
gel, restricted nucleic acids were electrotransferred to a
nylon membrane (Hybond-N, Amersham) and hybrid-
ized with a [32P]dCTP random-primer-labeled EGFP or
CMV promoter restriction fragment.
Junction analysis
The integration locus in 293-2156 cells was cloned by
bacterial rescue (Grant et al., 1990). Genomic DNA from
293-2156 cells was digested with HindIII, a restriction
enzyme that cleaves flanking cell DNA but does not
cleave the AV.EGFPori vector sequence. The reaction
was extracted once with phenol:chloroform:isoamyl al-
cohol (24:23:1), once with chloroform:isoamyl alcohol (23:
1), and ethanol precipitated in the presence of 0.3 M
sodium acetate. The pellet was washed with 70% ethanol
and suspended in TE buffer. The restricted DNA was
self-ligated at a concentration of 10 g/ml with T4 ligase
at 15°C, and the reaction expunged from reaction com-
ponents by organic extraction and ethanol precipitation
as described above. A sample of the ligation reaction
was used to transform E. coli strain DH10B. Ampicillin-
resistant colonies were expanded and plasmid DNA ex-
tracted. Clones were initially characterized by restriction
analysis, and fragments subcloned into plasmid pSP72
(Promega) for DNA sequencing.
Recombination assay
Plasmid p2TRT.EGFPori-gS was digested with HindIII
and the linearized product purified by gel electrophore-
sis. 293 cells seeded in 35-mm culture wells were trans-
fected with the linear minichromosome (2 g) and har-
vested 72 h later. Hirt DNA was extracted and resolved
on a CsCl–EtBr gradient. Ultracentrifugation was per-
formed in a Beckman TLA 100.3 rotor at 541,000g for 7 h
at 20°C. Fractions (100 l) were collected from the bot-
tom of the tube, measured for refractive index, and ana-
lyzed by Southern blotting. Fractions containing Form I
DNA were combined and taken through a second round
of buoyant density ultracentrifugation as before. The
Form I DNA fraction with the peak cAAV concentration
(based on Southern blotting) was extensively dialyzed
against TE buffer and digested with lambda exonuclease
(New England Biolabs) to remove traces of linear DNA.
The reaction was extracted once with phenol:chloroform:
isoamyl alcohol (24:23:1), once with chloroform:isoamyl
alcohol (23:1), and ethanol precipitated in the presence
of 0.3 M sodium acetate. The pellet was washed with
70% ethanol and suspended in TE buffer. An aliquot of
the purified Form I DNA was used in a transformation
reaction with E. coli strain SURE. Captured cAAV clones
were analyzed by restriction analysis.
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